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Introduction
The hypothalamic paraventricular nucleus (PVH) plays an important role in the coordination of stress responses [10, 35] . It contains a large number of corticotropin-releas ing hormone (CRH) producing cells [6, 44, 46] , which proto neurohaemal zone of the an eminence [24, 42, 44, 52] , where CRH is released into the portal pitu itary vessels. In the pituitary, CRH stimulates the secretion of ACTH, which in turn regulates the corticosteroid pro duction in the adrenal cortex [32, 46] . In this way the PVH stimulates the pituitary-adrenocortical activity in response to a variety of stressful situations [20, 28, 49] .
A useful model to study the neuroanatomical basis of stress control is presented by two lines of Wistar rats with different stress responses [13] [14] [15] 41] . These two lines have been pharmacogenetically selected on the basis of their W.HA.M, Mulders et ah/Brain Research 689 (1995) 47-60 4 4) shapes and densities of neurons in the different subdivi- [47] . Quantitative data on the synaptic organization of the sions of the PVH [7, 23, 42, 45] Mulders et al. / Brain Research 689 (1995) [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] synaptic level, and contributes to an evaluation of the significance of some of the morphometric characteristics of the PVH by comparing functionally different rat strains.
with para-phenylene-diamine or toluidine blue and coverslipped with Entellan. The ultrathin sections were collected on 300 mesh copper grids and contrasted with uranylacetate and lead citrate.
Materials and methods

Light microscopic analysis
Animals
The quantitative morphometric data presented in this study are based on three male APO-SUS (F8 generation) and three male APO-UNSUS rats (F9 generation) of 2 0 0 -250 e. bred in our Animal Laboratory. In addition, five For quantitative analysis of blood vessels and neurons, the semithin sections were studied and drawn using a Zeiss light microscope and drawing tube. First, the contour of the PVH was determined on the basis of the surrounding cell-sparse zone at a magnification of 130 X (Fig. 1A) . Next, the PVH was subdivided on the basis of differentia-Wistar tissue shrinkage involved in the present study. All rats were originally housed in groups of 2 -3 animals per cage tions in neuronal size and density as well as vascular density (see Results and Fig. 1A,B and Fig. 2) .
In each o f the PVH subdivisions, blood vessels, nuclear (36 X 24 X 25 cm) in a room with a constant temperature profiles and somata containing a nucleus with a nucleolus (20 ± 2°C) and a 06.00 to 18.00 h light period. Food and were drawn at a magnification of 520 X at each sample level, using the paraphenylene diamine sections (Fig. IB) . The adjacent toluidine blue stained sections (Fig. 1A) were used to verify that exclusively neuronal profiles and no glial cells were drawn. The drawings obtained were used to determine the following parameters with the aid of a Kontron-Videoplan equipment: (1) the total surface area of the PVH and its different subdivisions, (2) the number, water were given ad libitum. Three days before the open field test APO-SUS and APO-UNSUS rats were isolated in single cages (36 X 24 X 25 cm) in the same conditions as mentioned above.
Tissue processing
After characterization in the open field test, the rats were deeply anesthetized with pentobarbital (6 m g/100 g b.wt.) and transcardially perfused with 100 ml saline (0.9% sodium chloride) followed by 450 ml of a 2% paraformal dehyde/2% glutardialdehyde mixture in a 0.1 M phos phate buffer (PB, PH 7.3). Immediately after perfusion,-the dorsal part of the skull was removed and the rats were placed in a stereotactic device to make a precisely trans verse incision. This allowed for sectioning of all brains in the same transverse plane.
After removal out of the skull, the brains were placed overnight in the perfusion fluid. Subsequently, sections of 100 or 75 /¿m were cut on a vibratome in PBS (0.1 M phosphate buffered saline, pH 7.3). After rinsing in the same buffer, the sections were osmicated for one hour in 1% osmium tetroxide dissolved in 0.1 M PB, rinsed in PB, surface area and ellipticity of the nuclei sampled, and (3) the ellipticity and surface area of somata containing a nucleus with a visible nucleolus in the plane of sectioning. The latter was done to obtain a reliable neuronal diameter estimation [3, 9, 23, 31] . From these data the volume of all PVH subdivisions and their average neuronal sizes, densi ties and numbers were calculated in a way that has been previously described by our group and others [1-3,17,36]. This method implies the following steps.
The volume of each PVH subdivision (V ) was calcu lated by means of the Cavalieri principle [19,27,33,36], i.e. by multiplication of the mean surface area with the total length of each subdivision of the left PVH. At least 8 sample surfaces were measured for each subdivision, since this is a minimum for reliable estimations of V [26] .
The mean neuronal diameter (£>) was calculated from dehydrated in a graded series of ethanol, embedded in Epon 812 via propylene oxide and mounted in Epon 812 between a and coverslip coated with dimethyldichlorosilane solution (2% in 1,1,1-trichloroethane). The the surface area of somata containing a nucleus with a visible nucleolus in the plane of sectioning [3] as the D-circle. This is the diameter of a circle with the same surface area as the neuron traced. latter allows for easy removal of slide and coverslip when necessary for further sectioning.
After polymerization for two days at 60°C, the sections containing the left PVH were remounted on Epon blocks for semithin and ultrathin sectioning. At intervals of 50 or 37.5 ¡xm (in 100 fxm and 75 ¡¿m vibratome sections, respectively), 1 /xm thick semithin sections and adjacent 80 nm thick ultrathin sections were collected for morpho metric analysis at the light and electron microscopic level, respectively. This procedure resulted in 10-12 PVH sam ple levels per animal. The semithin sections were stained r mean nucleus radius, the radius of the smallest visible profile. Neuronal numbers were calculated by multiplication of Ny and V per subdivision. The mean ellipticity index nuclei was measured to be 0.62 ± 0.01, a value which allows for reliable estimations of neuronal densities with the formulae just explained [3, 8] , Vascular densities were calculated by means of point counts [36, 51] . A frame with points at 0.5 mm intervals was randomly positioned over the drawings made at a magnification of 520 X and the points covering blood vessels as well as the total surface of each subdivision were counted. The volume fraction of blood vessels was calculated by dividing the number of points covering blood vessels by the number of points of the total area.
Estimations of neuronal densities were based on nuclear tracings according to the formula presented by Floderus
Electron microscopic analysis
For analysis of the ultrathin sections of the PVH, quantitative synaptic parameters were sampled in a Philips EM 301 electron microscope by taking photographs in every corner and center of each 300 mesh grid square at a magnification of about 19,000 X . A replica of 2,160 lines/m m was used to measure the precise magnification. This procedure yielded on average 18 pho tographs per subdivision per PVH, with a minimum of 12 photographs for the PCd. On average each electron micro graph showed 2 synaptic contacts. It was verified that this procedure yielded stable average values and standard er-shrinkage. The effect of shrinkage will be discussed in section 4 ( Table 2) . A visualization of some of the light microscopic parameters determined is presented in Fig. 2 
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. rors of the synaptic parameters determined. The location of In this figure the blood vessels, neurons and subdivisions the electron micrographs in the PVH was determined by comparison of low magnification electron micrographs of the sections analysed with the adjacent semithin sections used for LM analysis. Each electron micrograph was cov-delineated in series of six representative semithin sections have been drawn separately.
Subdivisions of the PVH
ered by a square test frame and all synaptic contacts within this test frame and not touching the forbidden lines [18, 36] were traced on the Kontron-Videoplan equipment (Fig. 3) .
From these measurements the mean synaptic contact trace length (L) per subdivision was calculated and other parameters were determined as follows: The synaptic con tact diameter was estimated on the basis of the formula: D = (4 /7 r )X L [1,4,25]. The synaptic density (Nw) was determined with the formula: JVv =iVA/ L [4, 11, 12] , in which Na is the number of profiles per area. The synapse to neuron (S /N ) ratio was determined as the ratio of synaptic and neuronal density: jVv (synapse)/iVv(neuron). 
In the semithin series of sections used for the present study the PVH could unequivocally be subdivided in six subdivisions on the basis of neuronal sizes and densities as well as vascular densities, as follows (see also Fig. 2): (a) The periventricular part (PV) is a cell-sparse zone with fusiform neurons and a minor vascularization, situ ated along the third ventricle. (b) The magnocellular part (MC) contains clearly larger neurons than the remaining part of the PVH. This subdivi sion extends laterally towards the fornix and is bordered on its lateral and ventral edges by
Vascularity
between the four holes made was measured to estimate the shrinkage caused by perfusion and postfixation. This ap peared to be 8.5 ±1.0% linearly. After vibratomy the dimensions of the vibratome sections were measured be fore and after the histological procedure applied as de scribed above. The histological procedure caused a linear shrinkage of 2.6 ± 0.3%. Thus, the total linear shrinkage in our material is 10.8 ±1.1% , resulting in a three-dimensional shrinkage of 29 ± 2.8%.
Statistics
The overall vascularity in the PVH, expressed as the percentage o f volume occupied by blood vessels, is 5.6% (Fig. 4) . The PV is the least vascularized subdivision (3.2%, P < 0.05). The MC is significantly more vascular ized than the other subdivisions (7.8%, P < 0.05) except for the PCc, which has an equally rich vascular density (8.3%). The intermediate vascular densities of the PCd (4.6%), the PCv (4.6%) and the PCp (5.3%) show no significant mutual differences, but are all significantly higher than the vascular density of the PV (P < 0.05) and
Statistical analysis of differences between the two lines (APO-SUS and APO-UNSUS rats) was performed with the Mann-Whitney (7-test. For statistical comparison of
Wilcoxon was used [38] . lower than the vascular densities of the MC and PCc (P < 0.05).
APO-SUS and APO-UNSUS rats showed no statisti cally significant differences in PVH vascularity except for the PV. This subdivision was slightly but significantly higher vascularized in APO-UNSUS rats (4.0%) than in APO-SUS rats (2.5%, P < 0.05, Table 1 ).
Results
Neuronal size and shape
The results as obtained for the left PVH are summarized in Table 1 , which presents values that are uncorrected for
The mean soma diameter in the PVH is 11.8 jam, with the following differentiation between its subdivisions (Ta- The number of neurons in the PVH and its subdivisions 
Neuronal densities and numbers
The overall neuronal density in the PVH is about 185 X 103 cells/m m 3 (Fig. 4) The other subdivisions contribute between 12% and 19% to the total population in both APO-SUS and APO-UN-SUS rats.
. The neuronal density of the PV (132 X 103/m m 3) is significantly smaller (P < 0.05) than the neuronal density of the MC (177 X 103/m m 3), PCc (230 X 103/m m 3), PCd (186 X 103/m m 3) and PCv (206 X 103/m m 3). The neuronal density of the PCp (181 X 103/m m 3) is, although larger, not statistically different from that of the PV. However, the difference in neuronal density between the MC and the PCc is statistically signifi cant (P < 0.05). Statistical comparison between APO-UN SUS and APO-SUS rats yielded no significant differences in this respect.
Synaptic contact length
The average synaptic contact trace length in the PVH is 368 nm (Table 1) , which corresponds to an average synap tic contact diameter of 469 nm. The synaptic contact size is basically similar in all subdivisions as well as in the cell-sparse zone around the PVH 1). The only significant difference found between subdivisions is a 5). APO-UNSUS rats have a significantly smaller overall synaptic density (152 X 106/m m 3) than APO-SUS rats 3 (252 X 10 /m m , P < 0.05). This difference is present in all subdivisions of the PVH (Fig. 5) and was statistically significant in our sample for the PV, PCc and PCp (P < 0.05). No interline difference was found in the cell-sparse zone surrounding the PVH. 
P < 0.05). Comparison of the left PVH of APO-SUS rats (17 X 106) is considerably APO-SUS and APO-UNSUS rats showed that the synaptic larger than in APO-UNSUS rats (13 X 106). However, this contact length in the PCp of APO-UNSUS rats (393 nm) is
difference was not statistically significant in our sample, significantly larger than that of APO-SUS rats (353 nm P < 0.05).
because of the large individual variations.
Synaptic densities and numbers
Synapse-to-neuron ratios
The mean synaptic density in the PVH is 187 X 106/m m 3 without statistically significant differences be tween its subdivisions (Fig. 4) . In the cell-sparse zone surrounding the PVH a similar synaptic density was ob served as well. It is somewhat higher than the synaptic density in the PVH (Table 1) but this difference is not statistically significant. However, the PVH of APO-SUS and APO-UNSUS rats showed a marked difference (Fig.   (S /N ) is 1009. This means that PVH neurons have around 1000 synaptic contacts on their receptive surface, provided that they do not have dendrites outside the PVH, and that neurons outside the PVH do not have extensive dendrites within the PVH. The S /N ratio in the PV appears to be significantly higher (1454) than that in the MC (899) and PCc (913, Table 1 ). APO-SUS and APO-UNSUS rats are similar in this respect. 
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Discussion
The goal of the present study is to compare the histolog ical differentiation of the PVH of APO-SUS and APO-UN-SUS rats, and to extend previous morphometric data with a quantitative characterization of the synaptic organization. In particular the latter has yielded new data showing marked differences between both rat lines. Before these differences can be evaluated in detail, a discussion on PVH subdivisions and neuronal morphometry is necessary, how ever, since for these aspects some striking differences with previous reports are present.
Delineation of PVH subdivisions
In the present study the PVH has been subdivided into six parts on the basis of neuronal sizes and densities as well as vascular densities. Although the latter criterion has not been used in previous studies, the resulting subdivi sions correspond well to previously described ones. Table 3) .
All previous studies agree in the distinction of a parvocellular and a magnocellular PVH on the basis of average cell size. The laterally located magnocellular part has been further subdivided into three parts by Armstrong et al. [7]: an anterior commissural nucleus (ACN), a medial (PVM) and a lateral part (PVL). Swanson and Kuypers [42] and
The five parvocellular subdivisions that we distinguish in the present study, predominantly on the basis of differ ences in vascularity, correspond largely with the subdivi sions just surveyed (Table 3 ). Only the PCv has never been described as a distinct subdivision, but has always been regarded as a part of another subdivision. This means that the differentiation in vascular density in the PVH offers a well defined and reproducible basis for delineations within the parvocellular PVH, resulting in similar subdivisions as distinguished previously on the basis of the histochemical, cytoarchitectonic and connectional differentiation of the PVH .[7,23,42,45]. 
Vascularity of the PVH
Previous studies have shown that the blood supply to the PVH originates from the retrochiasmatic artery [5] and that the PVH is more richly vascularized than the sur rounding hypothalamic region [5, 47] with an overall vascu lar density of 3.0% [47] . In the present study we find an overall vascular density of 5.6%. This is about twice the value reported by Van den Pol [47] , who excluded the periventricular part in his analysis and used only transverse sections at the level of the magnocellular subdivision. A close comparison shows that the different values reported are not caused by the mean number of vessel section surface (Van den Pol: approx. 8 per present study: approx. 9 per 10,000 /xm2). This means that in particular different surface areas per vessel profile are the source of the difference between both studies, in spite of the fact that both studies ar and semithin section techniques to determine vascular densi ties.
The vascularity of different subdivisions has never been quantified before. Only a few contradictory remarks on this subject may be found in the literature. According to Ambach and Palkovitz [5] , the magnocellular part is more densely vascularized than the parvocellular part, but Van den Pol [47] claims that the magnocellular and parvocellu lar part are equally vascularized. Our results show that the PCc is equally vascularized as the MC, which is in accor dance with Van den Pol [47] . The discrepancy with the study of Ambach and Palkovitz [5] may be caused by the fact that the parvocellular part described by Ambach and Palkovitz Table  ! ). For comparison with previous results, the present data on neuronal densities in the different subdivisions have to be corrected for shrinkage (estimated to be 10.8% linearly in our study). The results of such a correction are shown in Table 2 
Synaptic characteristics
The present study is the first one giving quantitative data on the synaptic organization of the PVH. Previously reported quantitative EM data exclusively concerned the surface and number of presynaptic boutons [22] . The synaptic trace length observed in the PVH (368 ± 6 nm) is relatively large compared with other brain regions, such as the colliculus superior of rabbits [ 
50] (241-257 nm) and rats [4] (268 nm), the visual cortex [39], (276-310 nm) and the hypothalamic aggression region [1], (267-355 nm) of rats, except for the cerebellum [21] (373 nm).
Similar to the neuronal density, the synaptic density has to be corrected for shrinkage to have an estimate of the situation in normal, unfixed, living tissue (cf. Tables 1 and 2). Our data show a similar overall synaptic density in the PVH (133 X 106/m m 3) and the surrounding cell-sparse zone (166 X 106/m m 3), without significant differences be tween PVH subdivisions. However, the synaptic density differs significantly between APO-SUS and APO-UNSUS rats, as will be discussed below. The overall synapse-toneuron (S /N ) ratio of 1009 is in agreement with the
APO-SUS versus APO-UNSUS rats
The most significant finding of the present study is the difference in synaptic density between APO-SUS (158 X 1 0 6/:rnm3) and APO-UNSUS rats (108 X 106/m m 3) (Ta ble 2). This is a quite specific result, since the synaptic density in the cell-sparse region surrounding the PVH is similar in both lines, as is the neuronal density in the PVH. The higher synaptic density in the PVH of APO-SUS rats compared to APO-UNSUS rats suggests the presence of a more elaborate micro-circuit in the PVH of APO-SUS rats compared to APO-UNSUS rats. This differentiation might be correlated with differences in circulating plasmacorticoid levels during early postnatal life, since it has been shown that treatment with corticosteroids retards synaptic genesis [16] . This suggests, as is hypothesized before [13, 15] , that APO-SUS rats are exposed to lower levels of corticosteroids than APO-UNSUS rats during early devel opment.
It is not clear whether the higher synaptic density in the PVH of APO-SUS rats is the result of a general enhance ment of synaptic development or an enhancement of one or a few specific inputs to the PVH. It is not very likely that interneurons or recurrent collaterals are involved, since these only infrequently occur in the PVH [34, 47] . Previous experiments suggest a more active hypothalamo-pituitaryadrenal axis in adult APO-SUS rats compared to adult APO-UNSUS rats [15] , the latter showing a significantly lower basal plasma ACTH level and a lower mineralocorticoid receptor capacity in the pituitary than the APO-SUS rats. Furthermore, it has been found that a conditioned emotional stimulus induced a higher plasma ACTH level in APO-SUS rats compared with APO-UNSUS rats [47] . Consequently, the higher synaptic density in APO-SUS rats correlates well with a presumed higher activity of the PVH during stress regulation in APO-SUS rats. However, recent work in our laboratory showed that the PVH of APO-SUS rats contains significantly less Fos-immunoreactive cells than the PVH of APO-UNSUS rats [29] after a stressful stimulus. This suggests a reduced activity of the PVH of APO-SUS rats compared to APO-UNSUS rats, which would mean that the increased synaptic density in the PVH evokes an increased inhibitory effect on the PVH. To evaluate these possibilities further, it is necessary to incorporate our Fos-experiments in detail in the discussion, which will be done in the following paper [30] .
